A new method is proposed for the determination of phenylephrine hydrochloride by flow injection analysis with direct chemiluminescence detection. The method is based on the oxidation of the drug by potassium permanganate in sulfuric acid medium at 80°C. The calibration graph is linear over the range 0.03-8 ppm phenylephrine hydrochloride, with a relative standard deviation (n = 51, 0.5 ppm) of 1.1% and sample throughput of 134/h. The influence of 38 different foreign compounds was tested, and the method was applied to the determination of phenylephrine hydrochloride in 8 different pharmaceutical formulations.
P
henylephrine hydrochloride (1), a sympathomimetic agent that directly affects adrenergic receptors, has been used in the treatment of hypotensive states and as a nasal decongestant in rhinitis and sinusitis.
The analytical profiles of phenylephrine hydrochloride have been broadly reviewed elsewhere (2) . A search of the published literature from 1980 to 1997 yielded 61 papers with methods for phenylephrine hydrochloride. Most methods used chromatography: 23 liquid chromatography (LC); 2 thin-layer chromatography (TLC); and 3 gas chromatography (GC). The remaining methods used the following techniques: 20 spectrophotometry; 2 spectrofluorimetry; 2 electrochemistry; one radiochemistry; one electrophoresis; one isotachophoresis; one mass spectrometry; 4 titrimetry; and one proton magnetic resonance spectrometry. Only 2 of the spectrophotometric methods used flow injection analysis (FIA; 3, 4) .
Although a number of papers have reported the determination of pharmaceuticals by FIA with direct chemiluminescence detection (CL; 5-7), the development of this technique is still a growing area in analytical chemistry (8) . Experimental efforts (screening procedures) are focused on finding different kinds of substances with direct chemiluminescence. The analytical advantages of FIA-CL arise from the usually low detection limits, wide linear dynamic ranges, fast response, and reproducible mixing of analyte and reagents near the detector.
The reactions of more than 50 pharmaceuticals with 4 common oxidants, permanganate, cerium(IV), hexacyanoferrate(III), and hydrogen peroxide were examined in different media. Phenylephrine hydrochloride shared strong chemiluminescence when it reacted with potassium permanganate, which has already been used in direct CL to determine several substances (5-7). Thus, although the chemiluminescence of other structurally related compounds has been reported (9) , as far as we know, this is the first report on the chemiluminescence of phenylephrine hydrochloride and the first reported determination of the drug by a direct CL procedure.
Experimental

Reagents
All solutions were prepared from analytical reagent grade materials with distilled, deionized water.
Commercial pharmaceutical formulations tested. 
Apparatus
The flow injection manifold (Figure 1 ) consisted of a peristaltic pump (Gilson Minipuls 2; Gilson Medical Electronics, Villiers-de-Bel, France), which pumped carrier (1.0M H 2 SO 4 at flow rate Q 1 , 6.8 mL/min) and oxidant (1.5 × 10 -4 M KMnO 4 in 3.0M H 2 SO 4 at flow rate Q 2 , 4.9 mL/min) solutions through polytetrafluoroethylene tubes (0.8 mm id). Before sample insertion, the carrier and the oxidant streams were both heated at 80ºC by immersing 2.0 m of both coils (L 1 and L 2 ) in a water bath. The sample (682 µL aqueous phenylephrine hydrochloride solution/injection; Rheodyne Model 5041 [Cotati, CA] injection valve) was injected into the carrier solution, and then it merged with the reagent stream in a T-shaped piece positioned 2 cm from the entrance of the flow cell, which consisted of a flat, spiral-coiled quartz tube (1.0 mm id, 3 cm total diameter of the flow cell, without gaps between the loops). The flow cell was placed 2 mm from the photomultiplier tube (end window, Electron Tubes Ltd., Middlesex, UK, Type 9902) and backed by a mirror for maximum light collection. The T-piece, flow cell, and photomultiplier were placed in a laboratory-made, completely light-tight box. The photomultiplier was operated at -1273 V supplied by the PHV-40 programmable photomultiplier high-voltage power supply (Acton Research Corp., Acton, MA). The output was fed to a voltmeter and a multispeed variable span recorder (Omniscribe).
Results and Discussion
Preliminary Work
The main goal of the experimental work was to develop an FIA procedure for the determination of phenylephrine hydrochloride. Bearing in mind that the intensity of the signal for CL is time dependent (5), we performed preliminary studies by means of a continuous-flow assembly to accurately control the reaction time (elapsed time from the mixing of reagents at the T-piece to the emission at the flow cell) by controlling the flow rates. The reactivity of 40 ppm phenylephrine hydrochloride with different reagents that can act as oxidants (all 0.02M) in different media (1M H 2 SO 4 or 1M NaOH) was tested through the manifold and the laboratory-made luminometer depicted in Figure 2 .
The analytical signal was calculated as sample output minus blank. The oxidants assayed in H 2 SO 4 and the signals obtained were as follows: KMnO 4 , 1517.6 mV; Ce(IV), 0.1 mV; KIO 4 M), 0.0 mV. In NaOH medium, the oxidants tested and the results obtained were as follows: H 2 O 2 , 0.0 mV; Ca(ClO) 2 , 0.0 mV; and K 3 Fe(CN) 6 , 45.9 mV. Only potassium permanganate and potassium hexacyanoferrate(III) yielded a chemiluminescence signal, and on the basis of the signal magnitude, the former was selected as the suitable oxidant.
As has been reported in previously published papers dealing with structurally related compounds, the chemiluminescence of phenylephrine can also be attributed to the electron-donating groups of the benzene ring. The chemiluminescence proceeds to the open-chain quinone, which is followed by cyclization to the leucoadenochrome, which is then oxidized to the adenochrome (9-12).
Phenylephrine hydrochloride was precalibrated, and a concentration of 100 ppm (176.3 mV) was selected for further work.
Because potassium permanganate presents different oxidative strengths, depending on the media we studied the influence of acid and alkaline media, through the flow manifold described above, by testing the reaction in a 1M concentration of each of the following acids and bases: H 2 SO 4 , HCl, HNO 3 , HClO 4 , H 3 PO 4 , NaOH, KOH, and Ba(OH) 2 . All alkaline media yielded only a very small signal around 3.0 mV. Sulfuric and hydrochloric acids were preselected as the best because they gave the greatest signals (173.4 and 164.1 mV, respectively), which were more than twice as great as those obtained with nitric acid (54.2 mV), perchloric acid (43.2 mV), or phosphoric acid (62.3 mV).
The next study was performed with the goal of determining the effect of various concentrations of H 2 SO 4 and HCl on CL. The acid solution flowed through the Q 2 and Q 3 channels and merged with the reagent (Q 1 ) and the sample (Q 4 ), respectively ( Figure 2) ; or the acid solution flowed through only one channel (Q 2 or Q 3 ), before CL in the flow cell. Acid concentrations ranging between 0.1M and 6.0M were tested. The merging of 4M H 2 SO 4 with both sample and oxidant was selected as the combination yielding the greatest signal.
The effect of the oxidant (Q 2 ) concentration was also studied by testing solutions with concentrations ranging from 2 × 10 The influence of temperature was tested by heating the medium (after it merged with the drug solution, Figure 2 ) and the oxidant (after it merged with the medium solution) by immersing 2.0 m of each coil in a water bath. The temperatures studied ranged from 20 to 80ºC. The results showed that the analytical signal increased by almost 50% between 20 and 80ºC, with no relevant changes in the repeatability of the output. Thus, 80ºC was selected as the most suitable temperature.
Finally, the influence of flow rate was studied. This parameter can be critical because of its influence at the point in the flow manifold at which the excited molecule emits light and, consequently, because of its influence on signal magnitude: flow rates that are too low can result in maximum emission before the sample reaches the flow cell, and flow rates that are too high result in maximum emission after the sample has passed through the flow cell. Results are shown in Figure 3  (3.2) . A flow rate of 1.85 mL/min per channel (7.4 m/Lmin, total final flow rate) was selected.
Studies in an FIA Manifold
Next, the continuous-flow manifold was changed into an FIA manifold assembly, and the preselected variables were re-optimized on the basis of previously reported studies. Various FIA manifolds were tested: (1) sulfuric acid merging with the sample before its insertion; (2) sulfuric acid as the oxidant medium; and (3) sulfuric acid as the carrier. The best results ( Figure 2) were obtained when the H 2 SO 4 solution acted as the carrier (Q 1 ) and the oxidant medium (Q 2 ) simultaneously. The variables and ranges studied were the H 2 SO 4 concentrations of Q 1 and Q 2 , which ranged from 1.0M to 7.0M for each channel; 2.5M was the value selected for the Q 1 channel, and 3.5M was the value selected for the Q 2 channel. The KMnO 4 concentrations (Q 2 ) studied ranged from 5.0 × 10 The amount of dissolved oxygen is important in luminescence (quenching phenomenon) and in oxidation procedures. Its influence was studied in all solutions by testing 2 types of treated solutions: (1) solutions in which oxygen was formerly removed by a nitrogen stream, and (2) solutions in which the oxygen content was increased to saturation by a forced air stream. Chemiluminescence emission was improved only by 10% when the carrier and sample solutions were oxygenated. Untreated solutions were selected for further work.
Because organized media could have a marked influence on chemiluminescence emission (13, 14) , different kinds of organizers were tested at their critical micellar concentrations. Of those tested, Triton X-100 (nonionic surfactant), sodium dodecyl sulfate (SDS; anionic surfactant), hexadecylpyridinium chloride (HD; cationic surfactant), and β-cyclodextrin, none produced a relevant improvement in the analytical signal.
Fluorescing compounds have been used as energy transfer reagents in Ce(IV) sulfite (15) and permanganate (16) chemiluminescence reactions. Thus, several fluorophores, namely, riboflavin, rhodamine B, quinine sulfate, and acridine orange, were tested at 0.01M concentrations in the carrier solution. All decreased the analytical signal to about 70%; this decrease could be due to the partial consumption of the oxidant by the fluorophore, with no subsequent chemiluminescence emission by the fluorophor (the fluorophor is not chemiluminescent because of oxidation under the assay conditions) and no effective transfer of energy to the analyte.
The modified simplex multivariate method (17) was applied to the optimization of FIA variables. The variables and ranges studied were the flow rates (Q 1 and Q 2 ), which ranged, for each channel, from 0.6 to 7.0 mL/min; sample volume (V), which ranged from 110 to 713 µL; and reactor length (L 3 ), which ranged from 0.0 to 200.0 cm. After testing 40 apexes, the selected apex (optimum) was Q 1 = 6.8 mL/min, Q 2 = 4.9 mL/min, V = 682 µL, and L 3 = 9.5 cm.
The robustness of the optimum apex was tested by studying the influence of small variations (5 values) around each selected value through a univariated procedure. The intervals studied were Q 1 = 5.6-7.0 mL/min, Q 2 = 4.2-5.6 mL/min, V = 663-713 µL, and L 3 = 0.0-20.0 cm. The observed variations in the analytical signal (calculated as the relative standard deviations [RSD] of the averages of 7 FIA outputs for each tested value around the optimum) were, respectively, 5.5, 2.2, 1.0, and 1.3%.
Bearing in mind that the simplex procedure did not propose L 3 values <9.5 cm, we studied this parameter by a univariated method. A value of L 3 = 0.0 cm was selected for further work.
After a new precalibration, a concentration of 3.0 ppm phenylephrine hydrochloride was selected for further work. Chemical variables and temperature were then re-optimized with the new analyte concentration. The refined values were 1.0M H 2 SO 4 (Q 1 ), 3.0M H 2 SO 4 (Q 2 ), and 1.5 × 10 -4 M oxidant (Q 2 ). For the temperature, no significant differences were found between former and present results, and thus, the preselected value was maintained (80ºC). The length of the reactors, L 1 and L 2 , immersed in the water bath was also studied between 2.0 and 8.0 m. In both cases, a value of 2.0 m was selected because longer reactors did not improve the analytical signal.
Analytical Applications
With the optimized manifold, the dynamic range obtained was between 0.03 and 8 ppm. A between-day reproducibility study was performed each working day (5 days) with freshly prepared solutions, with phenylephrine hydrochloride concentrations in the range of 0.1-1.0 ppm. The mean (n = 5) slope obtained was 0.0879, with an RSD of 2.9% and a mean correlation coefficient of 0.9997. For phenylephrine hydrochloride concentrations in the range of 1.0-6.0 ppm, the mean (n = 5) slope obtained was 0.0786, with an RSD of 1.5% and a mean correlation coefficient of 0.9990.
The average insertion rate for 51 peaks (0.5 ppm) was 134/h, and the RSD was 1.1%. For a concentration of 3.0 ppm, the corresponding values were 136/h and 0.87% (n = 51).
The influence of 38 different foreign compounds that can be found accompanying phenylephrine hydrochloride in pharmaceutical preparations was also studied (tested compounds versus a pure solution of 1.0 ppm phenylephrine hydrochloride). The testing ratio, concentration of foreign compound/concentration of analyte was always ≥5 times larger than the ratio actually present in the commercial pharmaceutical formulations (18) . Table 1 shows the results obtained; no serious interferences were observed with the compounds tested.
The proposed method was evaluated by analyzing 8 commercial pharmaceutical formulations containing phenylephrine hydrochloride. Suitable dilution of the commercial pharmaceutical formulations was the only sample preparation required. The results obtained (Table 2) were compared with those obtained by using the official colorimetric method (19) , which is based on the oxidative (potassium hexacyanoferrate[III]) coupling of phenylephrine with 4-aminoantipyrine in alkaline medium (sodium tetraborate). Absorbance was measured at 498 nm. Table 2 shows good agreement between the results (average of 3 replicates), with mean relative errors in the range of -0.55 to +5.2%.
Conclusions
This is the first report of a direct CL method for the determination of phenylephrine hydrochloride and the third report of an FIA method developed for the determination of phenylephrine hydrochloride.
This new method, which shows good sensitivity, a low LOD (20 ppb), very high sample throughput (136/h), and high reproducibility between samples (RSD = 0.87%, n = 51, 3.0 ppm) and between days and solutions (RSD of slope = 1.5%, n = 5), is proposed for determination of the drug in pharmaceutical formulations. These last values compare very well with those previously reported for other structurally related compounds (9) . The new method also compares well in robustness, economy, and sensitivity with other recently published methods for phenylephrine determination (20) as well as with the official method (19) .
In addition to acceptable precision and sensitivity, the new method shows a relevant selectivity that allows analysis of a certain number of samples without separation steps; consequently, the new method could become an alternative to many chromatographic procedures. 
